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Abstract
The dependence of beam Dblow-up in Jp =20lliding b»eams with tune
modulaticn upon the modulation frequency has oteen explored with a computer
simulation. Tt is determined that =2 threshold frequency vTH axists;

-

requenciss greater than Ve do not Zead to beam blow-up.

Fad

dodulations at
The relationshic between this threshold and colliding beams parameters is

discussed.



In a previous czpar, we tad uoted  thavt  comrutsr sfaulations  af
veak-strong op <2oliizions  show the possibility of eam slow-up at large
moduiation amplitudes. In taiz saper we report resuliz of an Investization

g

2f  the dependence of this hlow-up upon the modulatizn Trequency, with the
nodulzaticon amplitude fixed,

The basic features of sur simulations of “She <sam-bsam ‘nteraotion
have ©5een deseribed sreviously,® and we will only summarize these briafly
in the present paper. TParticlz transport around n  zacelarator ring is
simulated as the rroduct 28 two transformations: Linear “ransport around
the rings represented by a "Courant-Synder"? (C-S) matrix with the C=S
parameters g

B, and tunes v _,v and a nonlinear beam-beam kick

v v vl
determined by assuming a "zero-length" - "weak-strong" interaction with a
round gaussian "strong" beam, with the strength of +the Interaction
determined by the "beam-beam tune shift” Av. AV = .01 23 used in thig

paper, a large but possitls value for Tp ecllisions,

Tune modulation i3 simulzs

D

d by cnanging the tunes Vv_ znd V. “rom turn

1o turn following

YV, = Voo roa, sin ot

Wwith wx = Wy = 2T/Nm, where Nm is the modulation pericd in number of turns,

and wnere t = N-1, ¥ = turn number ¥ = 1,2,3... In =41e :revicus oaper,!
L s R i *

Vep = L3439, vyo = 1772 was chosen, a "resonance-fres" zase with long-time

stability.’ The parameters 2, 2nd a_ were varied and Um was set at 1000, a



moauiaticn cericd  expeeted :t Zp 20lliders., 4 large madulztional 2low=-up
w28 noted for the ocases 3 ; -z =, » .04, uners the =odulaticn :arries
the team zcross low-order rassnances (3rd and Sth order).

in the present caper we Jix v 3 W 2t St 3ame 3 !
D TAl 3 <o and Yo ® he  3am ralues ,343g,

i)

7720 znd fix a - -3, - .205,

case xnown %o have modulatisnal blow-up

at ¥m = 1300, zand vary Mo frcm o m 3 to Nm = 100,000. Tigure % shows the

time zpace swept DOy “the =Zodulation in this case, chowing the lcw order

rescnances which are crossed.

Simulation Procedure

In our analysis of stability of particle motion two types of

simulations have been used: "long-time" simulations and "reversibility
tests", These have previously been described in some detail!+3* and apre
oriefly deseribed below.

in a "long-time" simulation 100 initial particle positions are ~hosen

i

randomly within a U4-D phase space gaussian Zistribution, and trajectories
k H -

zenerazed from these Initizl :onditions are <“racked for milllons  <f  Surns
2f =-ne storage ring. In the present caper I million turn long-time
simulations were generated In each case, corresponding to 1 minute of beam

s

storage In the Tevatron I. ERMS x,y, and r emittances ‘€., €, and

2,

g, = € ~ €,7; for the 100 particle ensemble were <calculated =very 2000

~ K ¥
turns after the first Gthousand *“urns and changes in theses values were
monitsred. "Doubling times™ zre caleulated from these amittance values
from : Ze2ast squares ©it, which obtains a slope or rate of increase

{decrease) of these values. The "doubling time" is the zverage =mittance

dividea Gty this slope, 30 a short Zoubling time indicates %eam blow-up.



ndividual zartiele crajectoriss sre 3ilso wmonitored for zignilicant
implltude cnanges,

-n previzus simulations of meodulational zeam blow-up, the blow-up was
zssceiated wiin the appearance ci "-haotic" “rajectories, where a "chaotico"
trajzetory s a partisls trajectory wnich diverges aexponentizlly 2 time
‘rom =aearby <Srajectcriss i1a  phase  space. "Reversibility" ‘tests are
perfermed £o detect these trajectorias. Tn these GLests ‘trajectoriss are
tracked forward “00,000 turns and returned by reversing the
transrormaticns, and forward and return positions are compared. "Chaotic"
irajectvories develop deviations =xponentially and, in these cases, can
accummulate errors of order unity in 100,000 turns, "Non-chaotie" cases
develop errors llnearly, and, in our double precision tests, develop errors
0"2%%, A clear empirical separation between these two *ypes is

of order 1

obtained.

Revergizility

a7

or 4 get o7 100 particles were r~un Tor lm o= B,
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420, 200, ‘000, 2000, 000, 10,000 and 100,000, For
Hm < 10,000, “he tests included 100,000 forward and return turns. For

Nm 100,000 ten pericds were <fracked (1,000,000 turns). In each test

1]

Erajectories were classifiasd as chaotic when the error over the Tull test
length exceeded 07'%, The results of “hese repeatability <tasts are
summarized in Table I,

4 gradual increase in the number of chaotiz trajectoriss 7rom zzro for
¥m = % ~2an e seen with a maximum of v 50 (sut of 100) for ¥m > 320, The

o remain zonstant or decrease very slowly for
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(low modulation
4 complemensary benavior 2an be seen In the bh2navisr of  She  Liapunov
axponents of the trajectoriss, The Liapunov exponent is the factor i which

appears In the error growth eguation

where Ao 25 an initial error and 4 is the expcnentizlly enhanced =rror at
turn N. For Nm 2000, i does not show any significant dependence on Nm for
those trajectories that are onaotic with & = .0 x 10”7 on average, For
dm > 2000 = noticeable decrease In A sceurs, with 4 = 107% for Hm = 10,000
and A = 10”% for Nm = 100,000, apparently approaching a v 1/Nm dependence.

This behavior is displayed graphleally in Figure 3.

"Long-Time" Simulation Kesults

We have completed "long-time" simulations for values of Nm - 8 to
Nm = 100,000, These simulations ineluded » 3 =2illicn turns {1 minute
Tevatren time). The results are summarized n Table I, where mean
2mittance values and "Houbling <imes" are tabuiatad.

The mean emittance values E_, Ey are averaged over the 200,000 turns
previous %o the Iadiecated ‘“urn numbers (¥ = 0.2, 7., 3. million) where
measurements of % for the i00-particle ensembls are taken every 2000 turns,

The '"doubling “imes" are found from the inverse of the slope of a least

2 . . -
28 a function of time; that is

L}
1
o
h
+
m

squares it to ¢ z =
X! Ty' r X y

ml

€ = -é + ﬂ and ~ = —j; minutes



f A

=11l emitfanes v3luas measured zefore the Indizated turn  sumber are
Ineluded I1n the zutlin time estimates. Note that i negative doubling
Cime ladicates a Jegreasing emittance,

These douplinz times can be ~2ompared 4o "statisticalls signficant"

doubling times T3 15 found from tie statistical srror 5 in the slope 4:

in the tables, I. -ae ratio ocetween <he statistically =zignificant

doubling time and the radial double time is displayed:

When 3. i3 sufficisntly larger than 1, a statistically significant change

~n oveam =mittances -

o

tu

Indiecatzad. Similar comparisons sr o« and iy
smiztaneces nave sen ~ade cut are not 2xplicity included ia Tabls 2, A

reasonable estimate nan ce obtained from symmetry sy noting

from wnich Sx and &, can be deduced,
¥

Table II shows znat for ¥m < 100, no significant increases in total

beam :mittances s3re cbserved; sxtrapolated doubling times are many hours,

For Nm = 200 signficant Inereases appear and for Ym A 400 fast beam blow-up

cccurs with doubling times of several ssconds.



-

“or MNm 3 10,000 a notiseszle dzorsasze ia the zalcoulatsd 220,220 surn
isubling times zan be cogerwvsc, [sllowing the 1/Nm 1s2psndence 2ztzd in the
>beservations =f Liapuncy =xpenent, ZIescribsd zbove.

Thiz behavior 1z displayed zrapnically in Figure -+ where <ie :slope

e
i

"1 is pletted. They show 3 "threshold"
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iependence with Increasinzg

1
Lo

. At 'm = 200, 3 "divergent" <rajectories

3

appear. The number increases with Im to an approximately constan:t value of

20 for Hm . 1000 and decreases again for Mm > 1000.

Discuszisn of Yodulational 3Zeam Blow-dp

This study of the frequency dependence of modulational blow=-up
provides | information which can be used in constructing a theoretical model
to describe that blow-up. From this paper and reference 1, we nocte that
eam blow-up can occur when a low order resonance is swept across the beam,
nrovided the "speed of sweeping” (modulation frequency) I3 not "“oo fast"
and 2ot "too  slow". The rescnznce 13 mostly seen when the modulation
frequency 1z comparabls with tne precession frequency =f tne trajectory in
the resonance island ragiocn,

I

In our case, as we can see by Inspecting igure 1, there are two
resonances which are actuzlly Invelved in the sweeping.

Investigation of individual particle trajectories show that *hey can

be classifled inte three zgroups:

1. Non-chaotic trajectsriss; these 4o not change amplitude significantly.



(R V]

2, "Mon-divergent" Tchactio" irzjsctoriss which  emain  confined Lo
zmpiiltuces near their originzl values.

3. "Divergent" «cnactic irajsctoriss, those which change amplitudes
greatly In the 3 million :urn simulaticns. These ‘trajectories
participate in the oveam blow-up for Nm > 200.

Tn Figure 2 and Table I we indizate the anumber of ‘hese iivergent

He can cleariy note a strong correlation between the

chaotic trajectories.

appearance of this last kind of particles and beam growth,
In Figure 5 we show <he Ll:seation 3f %“he particles <n <he &tune
diagrams, It corresponds tc the 2ase2 Nm = 300. The bhetatron tune values

are those obtained by averaging over the first 800 turnz of the simulation,

We also show 1in the same figure the location of the two major resonanée

when they are the most inside into the beam, Reversibility test and

emittance gzrowth measurements were done after 6 million turns. The

particles, not swept oy the two resonances are stable and meet

the reversitility test positively. The non-reversible particles that also
grow To large smittances values (7] zre zwept by “he two resonance lines,
“hactic particles [C) which do -ot grow in amplitude are confined in a

region between the (4) and (F) particles.

In Figure 6 we show the same cistribution 6 million turns later. The

(F) particles have Gteen pushed ts larger amplitude. These particlies are

those initially at large amplitude and are those that are chactic and grow.
This

is in agreement with some observations of the beam-beam effect in the

3PS in CEZRN with proton and antiproton beams colliding.’
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Table I Results of Repeatabilitw

-25L8

Number of Chaotic
Trajeccories

{out

ST

100 total)

Number of
Trajectories which
diverge to large amplitude

w o O O o O

18

27

24

22
18



Table
Case [: m = 3
Turn YNumber Z\_
(millions) )
{mm~-mr }
0.2 .01755
1.0 01752
3.0 .01752
Case II: MNm = 32
:T EX
M) {(mm~mr )
0.2 .01762
1.0 01777
3.0 .0179L
5.0 01779
Case III: Nm = 564
NT :x
M) {mm~mr )
0.2 01740
L.0 01745
3.0 .01748a
Case IV: Nm = 100
NT Ex
(M) {mm-mr )
.2 .01731
1.0 L.01734
.0 01743

11

IT Long Time Simuiacion Results

B T T

_ X y
(mm-mr ) Doubling Times
L01878 ~.005 .005
01883 0.071 .085
.01882 2.55 1.06

B T T

; X v
{mm-mr ) (hours)
.01894 .083 .278
.01882 . 688 -.928
.01876 1.06 ~,928
.01888 7.4 -17.5
< T T
¥ X y
{mm-mr ) (hours)
.01906 -.59 .36
.J:891 35.8 -.78
.J1889 -3.1 22.4

z T - T

v x y

{mm-mr) (hours)
LJ1914 -0.48 0.10
.01904 1,32 -0.77
.01906 4.30 ~-4.39

.

"R

(davs)

.04
-4.63
1.49

i

.133
9.30
10.1
30.0

1.35

-31.0

.

G.38
0.036
0.565

.26
.56
.63

O~ Q

1.85
1.35
0.37



Case V: Xm = 200

Na. €

L ¥
)] {mm-mr }
0.2 01779
ied .01889
3.0 .02011

Case “I: Nm = 400

NT ‘x
(M) {mm-mr )}
0.2 02347
1.0 05540
.0 .07003
Case VII: Nm = 800
NT ex
M) (mm-mr)
0.2 .02739
1.0 .05137
3.0 .08193

Case VIIIL: Nm = 2000

N =

T ¥
(M) {(mm-mr)
0.2 .02594
1.0 .07269
3.0 L1184
Case X Nm o= 4000
NT ex
35 {mm-mr)
0.2 .02838
1.0 .08313
3.0 L1445

(mm-mr)

.01880
.01934
.02091

}T
(mm-mr)

.02333
03664
.06560

{mm-mr )

.02535
07967
.10930

(mm—ﬁr)

.03051
.06938
.1553

m

{mm-mr)
.02942
L1143
.2285

12

T T
X y
(minutes)
13,2 -1.42
4.6 6.4
6.8 9.0
T T
X y

(seconds)

7.8 10.4
20.2 35.9
77.6 59.7

T T
X y
{seconds)

4.8 10.6
32.3 15.7
80. 59.

T T
X v

(seconds}

3.7 A
13.4 14.0
48.6 40.1

T T
X y
(seconds)

4.6 4.8
15.4 13.3
48.2 43.0

2.97
5,36
7.71

4b.
108.
127.

46,
70.
96.

38.
194.
187.

45.
136.
121,



Case X: YXm = 10,000
NT ix
(M) (mm-mr )

0.2 N0.02762
L.0 0.08577
3.0 0.,21976

Case XI: Nm = 100,000

N, g
T X
) (mm-mr)
0,2 0.01875
1.0 0.02961
3.0 0.06862

v
{mm-mr )

0.03243
0.08065
0.25361

€
¥y
(mm~mr)

0.01876
0.02622
0.05353

13

T T
X v
{seconds)

3 3.7
11.1 13.9
38.4 32.7

T T

x(seconds) y
20.8 68.8
17.9 27.4
37.8 43.0

5.1
163,
361.

16.
70,
108.



Figureld- Area of tune space swWepi out by
0.2439 + 0,005 sinfg
0.1772 - 0,005 sing
Q.01

Case C~.,005;

Vx =
gY
Ay =

14

]

H

Figure i
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15 Figure 2

Reversibility test results; 100,000 turns ferward, 100,000 turns reverse;
(except 10° forware and 10% back for Never: = 100,000). |

}Jx/2rr= 0.3539 + 0.005 sin(2 mN/HCYCLE) N = Turn nunber
py/er = 0.1872 - 0,005 sin{2 mN/NCYCLE) =000,
GX = GY = 2wAY, AY = 0.01
Number
af
failed
particles
!
50+ + i
<4
’+
40 +
. +. o,
30 1 |
+* :
20 -
|
+ !
|
10 4- 4 *
‘
+ |
0 Pt + + * ;
L 10 100 1000 10,000 100,000
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Slopes

17

3lopes after 2U0,0U0 turns,

Flegure

Py/2n = 0,3539 + 0.005 sin(2 7 N/NCYCLo) N = Turn numver
ru"/2rr = 0.i072 -~ 0,005 sin(2 — N/NCICLE) =0, 1,2, ...
GX = 4Y = 2wlv, Av= 0.0l
v
35 + +
L +
0 — +
25 +
- +
2 -
is5 T
[ +
|
f
YT
-
?
'.
I
5 -
g
: +
0 +— -t } e —
L 10 100 -+ 1000 10,000 100,000

NCYCLA



Figure S
Tunes averaged over turas C to 800, NCYOLE = &C0,
p /2w = 0.3539 * 0.005 sinf § = 2m /800, ¥ = Turn nuaber.
= §,i572 - 0.005 sin¥ Q. =Gy = 2w Ay, Av=0,0/

uy/En" J.iE72
/

The lower-left corner ccrresponds with qu/2rr - AV, };y_/er- AV .

The upper=-right corner corresponds wWith FX/Zn', Py/2n .

Latels:

4
c
F
N

Reversible and szall emittance arfter 2 millien turrs.
Chaotic and small emitiance after 3 million turns.
Chaotiz and large emittance after 3 million turns.

i
Reversible and large emittance after 3 million turns.
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Flgure 6
Tunes averaged over turns 3,000,000 <o 3,L00,800. NQYCL: = E00.,
B /27 = 0.3539 + 0.005 sinf % = 2w}/B00, 5 = Turn nunber.
,uy_/;?.n' = 0.1872 - (.05 sinf GX = GY = zraav, AY = .00

The lover-left corner corresponds with B /2m - Ay, py/2w - av,

The upper-right corner corresponds withdpx/Zn', py/Zn'.

Labels: A Reversitle and small emittance after 3 millicn turns.
C Chaotic znd small emittance after 3 million turns.

F Chaotic and large emittance after 3 million turns.

N Heversitle and large emittance after 3 million turns.




